Hemodynamic and ventricular volume parameters were evaluated in 21 patients (24 studies) with total anomalous pulmonary venous return (TAPVR), 11 patients with secundum atrial septal defect (ASD), and eight patients who had complete correction of TAPVR or ASD. Right and left ventricular (RV and LV) volume parameters were calculated according to Simpson's rule and the area length methods, respectively.
INFANTS who present in the first week of life because of total anomalous pulmonary venous return (TAPVR) usually have respiratory distress and/or congestive heart failure. This could be related to the pulmonary venous obstruction observed in many of these infants, or to low left ventricular output associated with an interatrial restriction, or to right heart failure. In older infants, congestive heart failure is seen in the absence of cineangiographic evidence of pulmonary venous obstruction. Rarely, infants with ASD and a large left-to-right shunt develop congestive heart failure as well.14 However, congestive heart failure is rarely observed in older children with either TAPVR or ASD and is not observed in adults until the third decade and thereafter. 5 Previous work has shown that LVEDV and LV output were both normal or decreased in patients with ASD or TAPVR8' 9 but RVEDV and RV output were increased. [10] [11] [12] These studies, however, did not delineate the relationship between the cardiorespiratory symptoms and the volume characteristics of both the left and right ventricles, nor did it describe the effect of corrective surgery on ventricular function. The purpose of this study, therefore, was 1) to determine the etiology of congestive heart failure and/or respiratory symptoms in infants and children with these lesions: is it a low left ventricular output or high output right ventricular failure? 2) to quantitate ventricular volume characteristics after complete correction of total anomalous pulmonary venous return or atrial septal defect with large left-to-right shunt.
Methods

Patient Population
Hemodynamic and volume data were analyzed in 43 studies of 38 patients with cardiac defects which predispose the patient to right ventricular volume overload. These patients were divided into three groups according to the diagnosis. Group I consisted of 24 studies in 21 patients with TAPVR. In these patients, pulmonary venous flow returned to the vertical vein in 18 patients, the coronary sinus in two, and the portal vein in one patient. Right and left ventricular volume parameters were calculated for nine patients, and left ventricular volume parameters alone were determined in 15 studies of 12 patients. The age distribution in this group was less than one week (6) one to three months (5); three to twelve months (5) ; and over one year (8) . This group was divided into three groups: la) included eight studies in infants with peak RV pressure equal to or higher than peak LV pressure; Ib) included eight studies in infants with peak RV pressure less than peak LV pressure; Ic) eight studies in children more than one year of age, with peak RV pressure less than the peak LV pressure.
Cases with pulmonary venous obstruction (2, 5, 8, and 9) are identified in (table 1) . The six infants less than one week of age ate poorly, had labored respiratory rates in excess of 70 inspirations/min and their livers were enlarged. Infants one week to one year of age had respiratory rate higher than normal for age, tachycardia, and hepatomegaly. The chest film in all infants showed pulmonary venous congestion and/or increased pulmonary vascular markings. The cardiothoracic ratio was less than 0.55 in five infants less than two weeks of age and was more than 0.55 in all other patients.
All infants were treated with digoxin and diuretics. Two infants had associated patent ductus arteriosus. The eight children (Ic) had tachypnea and decreased exercise tolerance and six of the eight patients received medication for congestive heart failure. Hemoglobin concentration was normal for age and averaged 14.2 ± 0.5 g %. The pulmonary-tosystemic flow ratio (Qp/Qs) calculated by the Fick method exceeded 2: 1 in all but two patients. Arterial oxygen saturation in infants with total anomalous pulmonary venous return ranged from 63% to 87%. Group II consisted of 11 studies in 11 patients with secundum ASD. Two of the 11 patients were treated for congestive heart failure. All patients had right and left ventricular volume determinations. All patients but one were older than one year of age. Peak RV pressure averaged 43 ± 6 mm Hg and exceeded 45 mm Hg in only three patients. The peak LV pressure was normal", 4 in all patients. The left-toright shunt in this group was greater than 45% of pulmonary blood flow (Qp/Qs: 1.8). The Qp/Qs ratio, calculated by the Fick method from oxygen saturation, averaged 2.60 ± 0.27. Hemoglobin concentration in this group was normal (mean = 12.4 + 0.3 g %).
None of the patients had evidence of RV outflow or pulmonic valve obstruction on cineangiograms. Right ventricular outflow gradient was less than 20 mm Hg in all patients. There were no other associated cardiovascular lesions. Group III consisted of eight patients studied three months to four years after complete correction of total anomalous pulmonary venous return (4 patients) or secundum atrial septal defect (4 patients). The age in this group ranged from 2.5 to 13.8 years, and peak RV pressure was normal (<34 mm Hg). All patients had benign postoperative course with no residual or associated defects.
Data Acquisition
The details of the methods used have been previously described.l, 15, 16 Briefly, volumes were determined from biplane cineangiocardiograms filmed at 60 frames/sec during routine cardiac catheterization. Right and left ventricular volumes were determined according to Simpson's rule method and the area-length method, respectively. The dimensional values were corrected for linear magnification and all volumes were corrected using previously described regression equations.10e "I The calculated variables included: right ventricular end-diastolic volume (RVEDV), right ventricular end-systolic volume (RVESV), LV end-diastolic volume (LVEDV), and LV end-systolic volume (LVESV). In addition, the following parameters were derived: SV = EDV -ESV EF = SV/EDV CI = (SV X HR)/BSA where SV = stroke volume; EDV = end-diastolic volume; ESV = end-systolic volume; EF = ejection fraction; CI = cardiac index; HR = heart rate; BSA = body surface area.
Right and left ventricular end-diastolic volumes were expressed as a percentage of normal predicted values.16' 1 The heart rates in cines used for RV volume determination were less than 10% different from the heart rates of cines used for LV volume determinations. All hemodynamic and volume variables in the three groups of patients were compared with normal values.'6' 17
Results
Hemodynamic and volume variables for each patient in groups I, III, and a summary of these variables in group II are shown in tables 1, 2, and 3. Data points for volume variables are shown in figures 14. In group I (table 1, fig.  1 ), right ventricular end-diastolic volume in subgroup Ia was higher than normal in three patients and was normal in one infant. This variable was higher than normal in all children and averaged 226% of normal. Right ventricular ejection fraction in subgroup Ia was significantly (P < 0.001) less than normal but was normal in children. Right ventricular systolic index in infants varied from less than normal to twice the normal value, but was increased in children ( fig. 2 ). Left ventricular end-diastolic volume averaged 79% ± 6% of normal in subgroup Ia and 85% ± 8% in subgroup Ib, and both values were significantly less than normal (table 1) . This variable in children more than one year of age was normal ( fig. 3 ). Left ventricular ejection fraction in subgroup la was less than normal LVEF in infants (normal = 0.68 ± 0.05), but was normal in children (Ic). This variable in six newborns averaged 0.60 ± 0.04 and was significantly (P = 0.001) less than normal. Left ventricular systolic index ( fig. 4 ) was also less than normal in infants (subgrades Ia, Ib) but was normal in children (Ic). Volume variables were analyzed separately for the six infants studied in the first week of life (patients 1, 2, 4, 5, 8, 9) . This group included the four infants with pulmonary venous obstruction, and five of the six patients are included in la. Left ventricular volume variables in the six infants (LVEDV = 78% ± 11%; LVEF = 0.60 ± 0.04; LVSI = 2.60 ± 0.35) were similar to LV volume variables in subgroups la and lb.
In group II (table 2) right ventricular end-diastolic volume and systolic output were both significantly (P < 0.001) larger than normal, but RVEF was normal. Left ventricular end-diastolic volume in this group was not significantly different from normal, and LVEF and LVSO were both normal.
In group III (table 3, figs. 14) the four patients with postoperative ASD had normal right and left ventricular volume variables. The four patients with postoperative TAPVR had increased RVEDV but normal RVEF and RV output. Left ventricular end-diastolic volume was also slightly higher than normal but the LVEF and LV output were normal. In both subgroups, RVEDV and RV output were significantly less than preoperative values (P < 0.03).
Discussion
Determining LV volume from biplane cineangiocardiograms is a well-established method., 18, 19 Furthermore, it has been shown that RV volume can be quantified in patients with normal RV hemodynamics'0 or RV pressure overload,'7 or RV volume overload. 12
In infants with TAPVR, RV volume parameters were available on infants with RV pressure exceeding LV pressure which included two infants with evidence of pulmonary venous obstruction on cineangiocardiograms. It is interesting that in these patients, RVEDV was normal or increased, but RVEF was consistently less than normal. The decreased RVEF is probably due to the increased afterload. Right ventricular filling pressure is increased and RV enddiastolic volume and output are higher than normal in these infants. This increase in pulmonary blood flow causes reactive constriction in the pulmonary arteriola and leads to pulmonary artery pressure higher than systemic after complete or partial closure of the ductus arteriosus. The fact that the ductus arteriosus was closed in three patients and was restricted (peak RV pressure > LV pressure) in the fourth patient (1) support this concept. It is possible, however, that the decreased RVEF is due to the increase in RV size which in turn causes an increase in wall tension and myocardial oxygen demand in these patients. In contrast to the infants, RVEF was normal in children with TAPVR. In children, RVEDV was larger than normal, but peak RV pressure was only slightly higher than normal and was less than peak RV pressure in infants with TAPVR (la). Therefore the higher ejection fraction in children as compared with infants could be due to the lower afterload.
Left ventricular volume values in subgroup Ia (RV pressure higher than systemic) were not different from values in subgroup lb (RV pressure lower than systemic). Furthermore, LV volume variables in the newborns (less than seven days of age) or in the three newborns with pulmonary venous obstruction were not different from similar values in older infants. These findings suggest that pulmonary venous obstruction is not the cause of the decreased LVEDV and LV output in these infants. The decreased LV volume might be related to interatrial restriction and higher filling of the right ventricle which impair the filling of the left ventricle.20 Two infants (13a, 15a) had decreased LVEDV which increased to normal values by two years of age (13b, 15b). Although LV volume variables in children with TAPVR were normal, we cannot conclude that this will be the fate of all infants in subgroups Ia, Tb. The cardiorespiratory symptoms in the first week of life and in infants with pulmonary venous obstruction were more severe than in older infants, yet both groups had similar LV volumes, ejection fractions, and outputs. The fact that the cardiorespiratory symptoms in patients with TAPVR did not correlate with LV ventricular volume parameters indicates that the severity of the illness might be related to the degree of pulmonary venous obstruction or RV failure, but not to a depression in left ventricular function.
Most infants with TAPVR in this study had minimum gradient (<2 mm Hg) across the atrial septum, and there was no significant relationship between LVEDV and interatrial gradient. Indeed significant restriction to flow across the atrial defect could impair LV filling. If so, atrial septostomy might be indicated for palliation in these infants. The data, however, suggest that the interatrial communication did not limit LV filling and the small LV was secondary to RV enlargement and displacement of the ventricular septum toward the LV. 20 The decreased LVEF in infants with TAPVR could be due to decreased LV filling (decreased preload) and not to LV failure. In children with atrial septal defect, LV size and output were normal, and all patients had large RVEDV and increased RV output. The two patients with symptoms of congestive heart failure had very large RV and decreased RVEF (0.46, 0.50) with moderately increased RV pressure (40, 54 mm Hg). These findings indicate that the only abnormality of ventricular function that we found in children with ASD was high RV output, a condition well tolerated in the absence of pulmonary hypertension.
After complete correction all patients showed significant improvement in exercise tolerance and RVEDV was only slightly higher than normal but significantly less than preoperative values. This finding in addition to the normal RVEF and RV output indicates that RV volume overload preoperatively is reversible after complete correction, and RV function is normal in children postoperatively. We have no explanation for the higher than normal LVEDV in children with TAPVR postoperatively, an unexpected finding. Left ventricular ejection fraction and output, however, were both normal, which indicates that the RV volume overload preoperatively or the surgical procedure did not impair ventricular function postoperatively. Two patients (21b, 18b) in group III studied four and six months after complete correction showed significant decrease in RVEDV to normal values (122 and 1 10%l of normal). This indicates that RVEDV is very sensitive to the filling pressure and returns to normal shortly after complete correction.
The data suggest the following conclusion: In most infants with TAPVR symptoms are due to pulmonary venous obstruction and/or right heart failure rather than the inadequate left ventricular volume or function. Preoperative abnormalities of left and right ventricular volumes and function became normal after surgical correction.
PULMONARY VENOUS OBSTRUCTION (PVO) is a recognized complication following Mustard's operation for transposition of the great arteries (TGA).' It can occur early as well as late in the postoperative period. The purpose of this communication is to report late development of PVO in three patients who had no evidence of PVO at the time of an initial postoperative cardiac catheterization. reoperation shrinkage and kinking of the dacron baffle was evident. After Mustard's operation, patients should be observed cloey for symptoms and signs of PVO since it can occur insidiously despite previously proven absence of this complication. hydrochloride (0.5 mg/kg). To determine the presence of PVO, simultaneous pressures were recorded in the pulmonary wedge position and the PVA or sequential pressures were obtained in a pulmonary vein and the PVA. Additional evidence of obstruction to pulmonary venous drainage was obtained using biplane cineangiography with selective injection of Hypaque into either a pulmonary vein or the pulmonary artery. Pulmonary blood flow ((,2) and cardiac output were calculated using assumed oxygen consumption2 and measurement of blood oxygen saturation from the main pulmonary artery (or superior vena cava), a pulmonary vein (or PVA) and the femoral artery.
Material and Methods
Results
There were seven deaths less than 30 days following surgery and three late deaths.
PVO was demonstrated 3 to 12 (mean 9.3) months postoperatively in 6 of 15 patients undergoing initial postoperative cardiac catheterization. One patient with PVO also had superior vena cava obstruction (SVO). Five of six patients with PVO had symptoms that included cough, exertional fatigue, resting tachypnea and cyanosis (table 1). Symptoms began 3 to 12 (mean 6.6) months postoperatively.
Three patients (A, B, C) who were free of PVO at the time of their first postoperative cardiac catheterization subsequently developed symptoms 10 to 28 (mean 17.6) months after surgery (table 1) . Symptoms in these three patients also included cough, exertional fatigue, resting tachypnea, and
